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ABSTRACT  
A large-scale structural assemblage was tested under quasi-static loading to investigate the seismic 
performance of a rocking-wall structure assembled by precast members. An innovative PreWEC 
(Precast Wall with End Columns) system, which consisted of a precast non-bearing rocking wall, 
energy dissipating “O-connectors,” and adjacent load-bearing end columns, was used as the 
rocking-wall system. The structure surrounding the PreWEC included precast edge beam/columns 
and a floor system formed by untopped precast planks. Wall-floor connections were used to isolate 
the floor from vertical movements of the wall. Test results showed that the floor was successfully 
isolated from the uplift of the wall throughout the test. The surrounding structure barely increased 
the strength of the PreWEC system, as anticipated. The entire specimen was almost damage-free 
at 2% design drift and demonstrated excellent self-centering performance even after experiencing 
5% lateral drift. Design recommendations are provided for the key components of this type of 
precast rocking-wall structure (i.e., wall-floor connections, end columns, and floor-beam 
connections).  
Keywords: Rocking wall; precast concrete; untopped precast plank; cyclic loading; experimental 
tests; seismic; residual drift; wall-floor connections  
INTRODUCTION 
    Reinforced concrete (RC) structural walls are favored in seismic regions as ductile lateral-force-
resisting systems. The walls are typically detailed to dissipate energy by inelastic response (i.e., 
development of plastic hinge regions). Although few buildings with special structural walls have 
collapsed in recent earthquake events, tremendous economic loss has been encountered due to 
irreparable structural damage and business downtime.  
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    Rocking-wall systems are innovative structural systems developed to reduce damage and 
residual displacements of buildings as observed in the buildings with RC structural walls. Different 
from conventional structural walls, mild reinforcement of the rocking walls is generally not 
continuous across the wall/foundation interface. Instead, the walls are clamped to the foundation 
by post-tensioned (PT) strands, which also provide a self-centering force to the walls. To prevent 
local strain concentration, the strands are not bonded to the walls. Because the strands are expected 
to remain elastic at design drifts7 (ITG 2009), the energy dissipation capacity of the walls alone is 
small. Supplementary energy dissipating elements are typically added to the walls.   
An innovative rocking-wall system, “Precast Wall with End Columns” (PreWEC)14, was 
introduced by Sritharan et al. (2015). In PreWEC systems, as shown in Fig. 1, two end columns 
are placed adjacent to the rocking wall while oval-shaped “O-connectors” serve as the energy 
dissipating elements. The end columns can be clamped to the foundation by PT strands to behave 
like “rocking columns.” When the wall rocks about the corners, the O-connectors are deformed 
due to relative vertical displacements between the wall and the end columns, enabling energy 
dissipation through hysteretic damping. A proof of concept test of a 20-ft (6-m) high half-scale 
specimen was successfully conducted at the National Center for Research on Earthquake 
Engineering (NCREE); the PreWEC system demonstrated excellent energy dissipation and self-
centering capability with minor damage to the wall1,14 (Aaleti and Sritharan 2011, Sritharan et al. 
2015). A similar system was used in the test specimen discussed in this paper.  
A few large-scale system tests have been conducted to investigate application of rocking-wall 
systems in buildings, including PRESSS (PREcast Seismic Structural Systems) Project and DSDM 
(Diaphragm Seismic Design Methodology) Project. One key factor to be considered in rocking-
wall structures is wall-floor connections. Special precast connectors, which isolate the floor system 
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from vertical movements of the rocking walls, were adopted in both tests to minimize the wall-
floor interaction11,13,15 (Priestley et al. 1999, Schoettler et al. 2008, Stanton et al. 2000). The wall-
floor connections in the PRESSS system did not represent practical connections to the authors’ 
knowledge, because they were not the focus of the test. Vertical slotted shear connectors were used 
in the DSDM project. The stroke of the connectors was exceeded in several testing phases, and the 
floors were not fully isolated from uplift of the wall12 (Schoettler 2010).   
 In the DSDM project, gravity loads from tributary floor areas of the wall were transferred to 
moment frames located orthogonal to the wall plane, because there was no gravity load transfer 
path in the wall plane due to the vertical isolation wall-floor connections used. Similar conditions 
occurred in some floors of the test structure in the PRESSS project. Because of this restrictive load 
path, one drawback is that the flexibility in floor-plan layout and space planning might be greatly 
reduced for designers. The PreWEC system provides a unique solution to this problem. As shown 
in Fig. 1, the end columns, which are used to connect the O-connectors, can be designed along 
with precast beams to sustain the gravity loads from the floors. Consequently, conventional 
structural layouts with the gravity loads transferred in the wall plane can be applied in the design.  
To investigate the application of PreWEC systems in buildings, two one-third scale structural 
assemblages, which included equivalent PreWEC systems but different system concepts for the 
surrounding structure (i.e., cast-in-place and precast), were tested at the MAST Laboratory (Multi-
Axial Subassemblage Testing - NEES@UMN facility). The experimental program and test results 
of the PreWEC system with precast surrounding structure are described in this paper. The 
information of the other test can be found in Liu9 (2018). All test data are available at NEEShub 
DOI: 10.4231/D30C4SK9X. 
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RESEARCH SIGNIFICANCE 
This paper demonstrates the performance of a precast rocking-wall structure that sustained 
lateral drifts up to 5% (in-plane) and 3% (out-of-plane). The results are summarized at both the 
system-level (e.g., strength and self-centering of the structure) and component-level (e.g., damage 
to the end column and out-of-plane rotation of the wall-floor connection). Based on the test results 
and data analysis, this paper provides design recommendations for the structural elements critical 
to precast rocking-wall structures, including vertical isolation wall-floor connections, PreWEC end 
columns, and floor-beam connections. 
SPECIMEN DESIGN 
The prototype structure for the test specimen was a six-story office building designed by a 
structural engineer practicing in the State of California. A single frame line of the building was 
one-third scaled down for testing, as shown within the box in Fig. 2. A photo of the specimen with 
annotation is shown in Fig. 3. To emulate the constraint from parallel adjacent structural frame 
lines, special boundary conditions were introduced in the transverse direction. Assuming adjacent 
PreWEC systems rock in phase with the tested PreWEC, the north and south edges of the 
transverse beams were set to be free because there would be no vertical constraint on the transverse 
beams. If the parallel structural frame lines were frame columns with rigid base connections (e.g., 
the columns at the end bay in Fig. 2) instead of PreWEC, the transverse beams would be held 
down by the columns. To simulate this vertical constraint effect, four pinned-pinned props were 
attached to the transverse beams (two on each side of the wall to maintain symmetry) as shown in 
Fig. 2 and Fig. 3 for a portion of the test.  
Fig. 4 shows the elevation view of the PreWEC system near the base. The tested wall was 68 
in. (1727 mm) long and 6 in. (152 mm) thick. To fit within the laboratory and ensure a sufficient 
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unbonded length of the PT strands, the physical height of the wall (including the top block) was 
approximately five stories tall in relation to the scaled six-story prototype building. Seven 1/2-in. 
(13 mm) diameter 7-wire GR270 strands were prestressed to 0.65fpu, where fpu was the specified 
tensile strength of the strands, to provide a base moment resistance greater than the design 
overturning moment of the wall. The initial prestress in the PT strands was selected to ensure the 
strands would remain elastic at assumed 2% design drift7 (ITG 2009). The boundary element and 
shear reinforcement in the wall was designed based on recommendations from the aforementioned 
NCREE test of the PreWEC system1 (Aaleti and Sritharan 2011). One 14 in. (356 mm) long 
C6×10.5 steel channel was installed to armor each corner at the base of the wall. Four No. 6 dowel 
rebar protruded from the base of the wall and fed into holes reserved in the base block. The rebar 
was used to guide the wall to ensure it would not experience slip when the wall was subjected to 
out-of-plane loading. The holes were oversized in the wall-plane direction to ensure the dowel 
rebar would not make contact with the base block during rocking of the wall to 5% drift. Locating 
the dowels in the wall and the receiving holes in the foundation was deemed to be the way the 
system would be constructed in the field. If the dowels did not align with the holes in the 
foundation, new holes could be drilled in the foundation to accommodate the deviation more 
readily than drilling new holes within the thickness of the wall.     
The two end columns were placed 1 in. (25 mm) away from the wall ends for construction 
tolerance. The thickness of the end columns was the same as that of the wall, forming a planar 
surface that was architecturally appealing. It also made the installation of the O-connectors more 
convenient. Different from the NCREE test where concrete-filled steel tubes were used for the end 
columns, precast RC end columns were used in this test. Confinement reinforcement of the end 
columns was designed following Section 21.6 of ACI 3183 (ACI 2011). A 1-1/2 in. (38 mm) 
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diameter Grade B7 threaded rod was placed inside each end column and post-tensioned to 70 kips 
(311 kN) to emulate the gravity loads from tributary floor areas of the PreWEC system. Due to 
concern of damaging the embedded strain gages, the concrete in the base of one end column was 
not fully vibrated during fabrication. This resulted in a void near the base of the “west end column,” 
which was repaired by the fabricator using high strength grout.  
A layer of 1-1/2 in. (38 mm) thick fiber grout was poured between the PreWEC system and the 
base block to ensure a uniform contact surface. Lumber spacers with an area of 4 in2 (2,581 mm2) 
were placed beneath the center of the wall and the center of the end columns to prevent the grout 
from bonding to the strands in the wall and the PT rods in the end columns. After the grout 
hardened, eight O-connectors, two on each side of the front of the wall and two on each side of the 
back of the wall, were welded to steel plates pre-embedded in the wall end and each adjacent end 
column, as shown in Fig. 3.  
A precast floor system, shown in plan view in Fig. 5, created the first story of the one-third scale 
specimen. The floor consisted of twelve pieces of 3 in. (76 mm) thick untopped precast planks. 
Commercial products, known as Mini V connectors, were used for chord and web connections to 
transfer in-plane forces between the planks. Three connectors were used at each plank-plank 
interface. Because these connections were force-controlled critical components, they were 
designed to remain elastic throughout the test.  
Elevation views of the plank-edge beam and plank-transverse beam connections are shown in 
Fig. 6. The planks were supported by steel angles affixed to the transverse beams and edge beams, 
which transferred the gravity loads from the floor to the end columns and edge columns. Multiple 
4 in. (102 mm) wide and 3/8 in. (9.5 mm) thick steel strap plates were welded across the plank-
edge beam and plank-transverse beam interface to connect them together on the top surface. A gap 
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of 1/2 in. (13 mm) was reserved between the planks and the beams according to the clearance 
requirement in Section 8.4.3 of the PCI Design Handbook10 (PCI 2004). No concrete topping was 
provided for this precast floor.  
Special precast connectors, known as V-connectors16 (BS Italia, 2012), were used in the test to 
isolate the planks from vertical movements of the wall. As shown in Fig. 7, the connector consisted 
of a vertically slotted insert and a V-shaped plate with a protruding connector stub. A high strength 
bolt fed into a rotatable smart nut inside the slotted insert, which connected the plate to the insert. 
The slotted insert was pre-embedded 3 in. (76 mm) into the wall and the V-shaped plate was 
welded to the planks. Because the plate moved vertically along the insert, no gravity loads but only 
lateral forces from the floors were transferred to the wall through the V-connector. A series of 
companion component tests was conducted at Iowa State University before this assemblage test to 
examine the performance of the V-connectors. The test results showed that when each V-connector 
transferred a shear force of 26 kips (116 kN), the connector was capable of sliding a vertical 
distance of 1 in. (25 mm) along the slotted insert without yielding17 (Watkins et al. 2014). In 
designing the specimen in the assemblage test, four V-connectors were used to ensure the shear 
force in each connector was smaller than 26 kips (116 kN). The connectors were placed 20 in. (508 
mm) away from the wall ends such that the relative vertical displacement of the connector would 
not exceed 1 in. (25 mm) at 2% design drift. The vertical displacement of the connector was 
predicted conservatively by multiplying the distance of the connector to the farther wall end (68-
20=48 in. (1219 mm)) by the 2% drift (that is, assuming the wall rocked about its tip). 
Because the planks were connected to the wall by rotatable V-connectors and “pinned-
connected” to the transverse and edge beams by strap plates as shown in Fig. 6, the flexural 
constraint from the five missing upper-story floors on the wall was not significant. To simplify the 
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construction of the test specimen, only the first story precast floor was built as a representative 
floor. A “mega truss” concept was implemented in the specimen to preserve proper boundary 
conditions for the first story edge columns. As shown in Fig. 3, steel HSS tubes, which formed the 
“mega truss,” were connected to the wall and the edge columns through clevis hinges. The 
translational movement of the HSS tubes was constrained by the clevis hinges, but the rotational 
movement was released, simulating the constraint provided by the missing upper-story floors. 
Typical column base connections recommended by PCI Design Handbook10 (PCI 2004) were 
used for the precast edge columns. Longitudinal reinforcement of the edge column was welded to 
a steel base plate, and the base plate was connected to the base block through four 1-1/4 in. (32 
mm) diameter threaded rods. A 1 in. (25 mm) diameter high strength threaded rod was placed 
inside each edge column and post-tensioned to 31 kips (138 kN) to emulate the gravity load from 
tributary floor areas of the edge column.  
INSTRUMENTATION 
Fig. 4 shows the strain gages placed in the wall corners. As shown in the figure, three strain 
gages were embedded in the concrete to measure the compressive strains; five strain gages were 
attached to the stirrups to monitor the confinement effect. Fig. 5 shows the instrumentation on the 
precast floor. As shown in the figure, an LVDT (FWE-V) was placed near the wall center to 
measure the relative vertical displacement between the wall and the floor. At the plank-transverse 
beam and plank-edge beam connections, eight pairs of LVDTs located above and below the floor 
were used to measure the relative rotations between the planks and the beams. Strain gages were 
attached on the top and bottom of the strap plates to measure the horizontal forces transferred 
between the wall and the floor through the V-connectors (not shown in the figure). More detail of 
the instrumentation plan can be found in Liu8 (2016). 
10 
TEST PROGRAM AND MATERIAL PROPERTIES    
The specimen was under quasi-static cyclic loading through the MAST crosshead system. The 
primary control of the loading was the lateral displacement at the top block. A moment slaved to 
the resulting lateral force in the crosshead was applied to the top block in the opposite direction, 
rendering the base shear and base moment of the tested wall equivalent to those of the scaled 
prototype structure using an inverted-triangular lateral load distribution.  
Twelve phases of testing were conducted. In Phases 1 and 2, the nuts of the rods at the edge 
column base were intentionally not tightened, as shown in Fig. 3. Similar to the end columns, the 
edge columns, therefore, behaved like “rocking columns” because of the clamping PT force (used 
to emulate gravity loads) and the discontinuous reinforcement across the edge column/base block 
interface. Props were attached to the transverse beams in Phase 2 to emulate the boundary 
condition of adjacent frame columns. In Phase 3, the props were detached, and the base plates of 
the edge columns were rigidly-connected to the base blocks by tightening the nuts, restoring the 
regular design recommended by PCI. Props were again attached to the transverse beams in Phase 
4. Both the fixed-base edge columns and the props remained until Phase 7. The specimen was 
loaded to in-plane lateral drifts up to 4% in Phase 5, followed by a butterfly-shaped biaxial loading 
protocol in Phase 6. The largest in-plane lateral drift applied to the specimen was 5% in Phase 7 
only limited by the maximum stroke of the MAST crosshead. Portions of the specimen were 
eliminated through Phases 8 to 12 to further explore the load transfer path. Only the first seven 
testing phases are discussed in this paper. Details of the entire test can be found in Liu8 (2016). 
The boundary conditions and loading protocols of the seven phases are summarized in Table 1. 
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Material properties of the test specimen are provided in Table 2. The property of the PT strands 
was based on the mill certificate; the properties of the other materials were based on the tests that 
followed applicable ASTM standards.  
TEST OBSERVATIONS 
Overall Behavior of the Specimen 
During the test, marker lines were drawn on the wall along the bottom of the plank adjacent to 
the wall at the peaks of different drift levels. These lines provided visual evidence of the rocking 
of the wall relative to the floor. Fig. 8 shows the cyclic readings of the LVDT FWE-V that 
measured the relative vertical displacements between the wall and the floor. As shown in the 
figure, the readings kept increasing when the specimen was loaded up to 5% drift, indicating that 
the floor was successfully isolated from the vertical movement of the wall by the wall-floor 
connectors used (i.e., V-connectors). The marker lines on the wall are also shown in the figure. It 
was noteworthy that because FWE-V was not placed in the center of the wall but to the west of 
the wall (shown in Fig. 5), the cyclic readings of the LVDT shown in Fig. 8 were unsymmetrical 
with larger measurements occurring in the positive loading direction (to the east), when the LVDT 
was farther away from the pivot wall corner. 
When the props were attached to the transverse beams in Phases 2 and 4 (shown in Fig. 3), it 
was observed that the readings from the load cells installed on the props were very small (e.g., less 
than 1 kip (4.4 kN) at 2% drift), indicating that the props provided little constraint effect to the 
wall. It was believed that because the floor was isolated from the vertical movements of the wall, 
the impact from the structural elements in parallel frame lines was negligible. Each frame line of 
such structure would behave relatively independently. Because the behaviors of the specimen in 
Phases 2 and 4 were similar to those in Phases 1 and 3, Phases 2 and 4 are not discussed in the 
following sections. 
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Fig. 9 shows the force-displacement responses of the specimen under in-plane loading (Phases 
1, 3, 5 and 7). The flag-shaped hysteretic curves demonstrate excellent energy-dissipation and self-
centering behaviors of the specimen. The strength of the specimen was 58 kips (258 kN) at 2% 
drift in Phase 1, and it increased approximately 2.5% at the same drift level in Phase 3. Compared 
to the “rocking” edge columns used in Phase 1, the edge columns with fixed-base connections in 
Phase 3 had larger moment resistances and contributed to the larger strength. Because the strength 
of the specimen was mainly contributed by the wall panel, the observed increase in strength was 
small. The residual drifts of the specimen, which were recorded when the curves crossed the 
horizontal axis in the figure, were negligible in Phases 1 and 3 (e.g., 0.08% at 2% drift in Phase 
1). 
The strength of the specimen reached the peak 66 kips (294 kN) at 4% drift in Phase 5. The 
residual drift of the wall slightly increased in this phase (e.g., 0.12% at 4% drift). It was observed 
that the residual PT force in the wall decreased by 30 kips (133 kN) (i.e., 17% of the initial PT 
force) when the specimen was unloaded from the 4% drift cycles. The decrease in the residual PT 
force was mainly attributed to the plastic elongation of the PT strands, which was accumulated 
after the strands started to yield at 3% drift. Consequently, the self-centering capability of the wall 
was reduced, resulting in the increased residual drift.  
The strength of the specimen decreased by approximately 10% at 4% drift in Phase 7 compared 
with that at 4% drift in Phase 5. The residual drift of the wall reached the peak (0.15%) after the 
4% drift cycles in Phase 7, but it dropped to 0.09% after the 5% drift cycles in this phase. Some 
O-connectors were observed to have fractured after the specimen was loaded to 4% drift in Phase 
7. It not only reduced the strength of the specimen, but also beneficially decreased the resistance 
to self-centering of the wall, which caused the decrease of the residual drift of the wall.  
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A numerical model of the PreWEC system as used in the test specimen, which included the O-
connectors and the end columns but excluded the surrounding structure, was built using ABAQUS2 
(Dassault 2011) to capture the response of the isolated PreWEC system. The modeling approach 
had been validated by the authors using the results of the aforementioned NCREE test of the 
PreWEC system6,9 (Henry et al. 2016, Liu 2018). The pushover curve obtained from the numerical 
model is superimposed on the results of the assemblage test in Fig. 9. As shown in the figure, the 
strength of the test specimen is only slightly larger than that of the simulated isolated PreWEC 
system (e.g., 4% larger at 2% drift in Phase 1). It was believed that because the floor was isolated 
from the vertical movements of the wall, the surrounding structure had little impact on the strength 
of the specimen. It was noteworthy that the strength of the specimen dropped mainly due to the 
fracture of the O-connectors in Phase 7. This behavior was not emulated in the numerical model, 
thus the strength of the simulated PreWEC system was larger than that of the specimen in this 
phase as shown in Fig. 9. 
During the biaxial loading in Phase 6, it was observed that the upper portion of the wall above 
the floor bent in the out-of-plane direction while the lower portion of the wall in the first story 
remained relatively straight. It was believed that the edge columns and the props constrained the 
lower portion of the wall from bending in the out-of-plane direction. However, there was little 
constraint to the upper portion of the wall because the edge columns and the props were not 
extended to the upper stories as shown in Fig. 3. The out-of-plane stiffness of the wall was 
relatively small, thus the out-of-plane displacement of the specimen was mainly provided by the 
flexural bending of the upper portion of the wall instead of rocking of the wall in the testing plan. 
The purpose of investigating the out-of-plane behavior of the specimen was not fully realized in 
Phase 6. Under this boundary condition, the strength of the specimen in the out-of-plane direction, 
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which was mainly contributed by the out-of-plane flexural strength of the wall, was recorded as 
5.4 kips (24.0 kN) at 2% drift. It was approximately 12% of the in-plane strength of the specimen 
(45 kips (200 kN)) at the same drift level, which was very small. 
     Fig. 10 shows an overview photo for the first story of the specimen taken at the end of the test. 
The damage developed in the PreWEC system, the precast floor, and the edge columns in different 
testing phases is described in the following sections.  
PreWEC System 
Rocking wall and O-connectors 
     Little damage occurred to the wall throughout Phase 1 (in-plane loading up to 2% drift). In 
Phase 3, a segment of concrete cover spalled off the wall at the location where the dowel rebar 
across wall/base block interface existed. During construction, a 4-in. (102 mm) square piece of 
foam was placed around each dowel rebar to serve as a barrier and prevent the grout from bonding 
to the rebar. Because the wall was only 6 in. (152 mm) thick and the foam was much softer than 
the grout, there was only 1 in. (25 mm) grout bearing beneath the wall in the regions where the 
dowel rebar were located. Local stress concentration might have been developed when the wall 
became in contact with the grout, causing the spalling of the concrete cover. It is recommended to 
use a grout barrier with a smaller footprint (e.g., foam tube around the dowel rebar) or made from 
stiffer materials. Flaking of the concrete cover at the wall corners was observed at 4% drift in 
Phase 5, and concrete started to spall off at 5% drift in Phase 7. Because most of the wall remained 
intact as shown in Fig. 10, the wall was deemed reusable after minor repair. The steel confinement 
provided in the wall corners was adequate. 
Fig. 11 shows the readings from the strain gages in the wall corners (shown in Fig. 4) recorded 
at 2% drift in Phase 1 and 3% drift in Phase 5. It is noteworthy that although straight lines are used 
to connect the limited data points in the figure, actual strain distribution might not be linear 
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between adjacent data points. As shown in the figure, both compressive strains in the concrete and 
tensile strains in the stirrups decreased along the height of the wall. This observation demonstrates 
that when the wall rocks about the corners, a compression force concentrates at the wall corner, 
but it quickly spreads to the rest of the wall over the height. The strains in the stirrups located 10 
in. (254 mm) above the wall base were very small, indicating that they were not engaged in 
confining the concrete. Because the strain concentration in the wall corner was a local behavior, it 
might not be very effective to place the steel confinement over a large height. Similar behaviors 
were observed in other rocking-wall tests4,5 (Belleri 2014, Gavridou et al., 2017). 
Yield lines in the O-connectors were observed at 0.75% drift in Phase 1. Cracks started to 
develop in the O-connectors at the weld at 4% drift in Phase 5, but none of them fractured until 5% 
drift in Phase 7. It was also observed that some O-connectors only partially failed: as shown in 
Fig. 10(b), one half of the O-connector (U-shaped portion at the top) fractured while the other half 
(U-shaped portion at the bottom) stayed connected to the wall and the end column. The “half-
fractured” O-connector was still capable of generating resistance to the wall and dissipating 
energy. 
End columns 
Minor spalling of concrete cover was observed in both end columns during 1.5% drift cycles in 
Phase 1. The spalling only occurred in the column corners that were away from the wall. Fig. 12 
illustrates the responses of the specimen when it is laterally displaced to the east. As shown in the 
figure, the resistances from the O-connectors attached to the east side of the wall provided 
compressive forces in the east end column. Combining with the PT force that emulated the gravity 
load from tributary floor areas of the wall, a relatively large compression force was generated in 
the east corner of the east end column, causing the damage. On the other hand, the resistances from 
the O-connectors attached to the west side of the wall provided tensile forces in the west end 
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column. The tensile forces counteracted the PT force in the west end column, thus no concrete 
spalling occurred in the east corner of the west end column with the reduced compression force. 
Instead, damage occurred in the west corner of the west end column when the specimen was loaded 
to the west. Overall, the damage in neither end column was significant in Phases 1 through 3.      
The extent of damage in the end columns increased at 4% drift in Phase 5. Part of the concrete 
core experienced crushing in the west end column, as shown in Fig. 10(c). Although high strength 
grout was used to repair the west end column during fabrication, a void deep in the column was 
observed after the concrete cover had spalled in the preceding phases. It appeared that the void 
that had formed due to the poor consolidation during fabrication was not filled completely, which 
reduced the cross section of the column and mainly contributed to the damage. The west end 
column might have encountered less damage if the quality of the cast concrete was improved.  
Fig. 13(a) shows the PT force – lateral displacement responses of the west end column in 
representative phases. As shown in the figure, the PT force remained stable in Phase 1, but it 
greatly dropped in Phase 5. Crushing of the concrete core in this phase caused the overall height 
of the end column to decrease, which reduced the elongation of the prestressed rod and the PT 
force correspondingly. It was observed that the entire west end column was completely picked up 
by the wall at 5% lateral drift in Phase 7, when the clamping PT force was smaller than the 
resistance from the O-connectors. It is noteworthy that such behavior is unlikely to occur in the 
prototype building because the sustained gravity loads from tributary floor areas of the wall, which 
were emulated by the PT forces in this test, would remain in the end columns in the prototype 
building despite of the damage to the columns.  
It was observed that the PT force in the east end column was affected by the behavior of the 
fiber grout underneath the column, which is discussed in the next section. 
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Fiber grout 
No noticeable damage occurred to the fiber grout underneath the wall panel in Phase 1 through 
Phase 3. On the other hand, inclined cracks were observed in the fiber grout underneath the corner 
of both end columns at 1.5% drift in Phase 3. The damage to the grout beneath the east end column 
was more severe, where the cracks eventually developed into a through crack across the entire 
depth of the grout in Phase 5, as shown in Fig. 10(d).  
Fig. 13(b) shows the PT force – lateral displacement responses of the east end column in 
representative phases. As shown in the figure, the PT force suddenly dropped from 65 kips (289 
kN) to 57 kips (254kN) when the specimen was held still at the first peak of the 1.5% drift cycle 
in Phase 1; it kept decreasing when the specimen was pushed to the peaks in the following phases. 
Due to the development of the crack in the grout (eventually split off), it was likely that the east 
end column rotated on the base block below the grout, which reduced the elongation of the 
prestressed rod and caused the continued decrease of the PT forces.       
During fabrication, square lumber spacers were placed underneath center of the wall and center 
of the end columns to prevent the PT strands and the prestressed rods from bonding to the grout. 
Because the end columns were much shorter than the wall, the spacers underneath the end columns 
were closer to the grout/end column contact region when the specimen was laterally displaced. 
The wood spacer was less stiff than the grout, causing discontinuity in the grout. When the end 
columns rocked, a resultant inclined force was formed by combining the vertical compression 
force and the horizontal shear force at the base of the end columns, causing the inclined cracks in 
the weakened grout. Similar to the recommendation proposed for the dowel rebar in the wall, a 
spacer with a narrower profile or made of stiffer materials should be placed underneath the end 
columns around the prestressed rods.  
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Untopped Precast Floor 
Little damage occurred to the precast planks throughout the test, as shown in Fig. 10(a). Neither 
the Mini V connections nor the connected planks were damaged. No signs of yielding or fracture 
were found during the inspection of the V-connectors (i.e., wall-floor connection) following the 
end of the test. By investigating the readings of the strain gages attached on the strap plates across 
the plank-transverse beam connection, the maximum in-plane shear force transferred by the V-
connectors was found to be approximately 25 kips (111 kN) at 4% drift in Phase 5. Assuming the 
force was evenly sustained by the four V-connectors, each connector was subjected to 6.3 kips 
(28.0 kN). The readings from the LVDT FWE-V (shown in Fig. 5) indicated that the connector 
stub successfully slid up to 1.2 in. (30.5 mm) along the slotted insert in the wall at 4% drift (shown 
in Fig. 5), which was larger than the sliding distance (1 in. (25 mm)) observed in the component 
test18 (Watkins et al. 2016). It is believed that when the V-connector transfers an in-plane shear 
force smaller than the design capacity recommended in the component test (26 kips (116 kN)), it 
is capable of sliding a larger vertical distance. Therefore, flexibility is provided to the designers in 
practice, when they are determining the amount and the arrangement of the V-connectors in the 
buildings. 
The strength of the specimen in the out-of-plane direction, as shown in Phase 6 under biaxial 
loading, was only 5.4 kips (24.0 kN) at 2% drift. Conservatively assuming that the constraint to 
the wall was provided only through the four V-connectors, the out-of-plane tension force in each 
V-connector would be 1.4 kip (6.2 kN), which was relatively small compared to the concrete 
breakout strength of the slotted insert (14 kips (62 kN)) recorded in the component tests of the V-
connectors18 (Watkins et al. 2016).     
No damage occurred to the steel strap plates at the plank-beam connections in Phase 1 through 
Phase 3. Yield lines in the strap plates were observed during the 4% drift cycle in Phase 5. It was 
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noteworthy that the in-plane shear force transferred by each strap plate was very small compared 
to its tensile capacity. Assuming the force (25 kips (111 kN)) was evenly distributed to the eight 
strap plates across the plank-transverse beam connection, each strap plate was only subjected to 
3.1 kips (13.8 kN) while its yielding capacity was 70.5 kips (313.6 kN). As shown in Fig. 12, 
although the planks were isolated from vertical movements of the wall, kinking of the strap plates 
occurred at the floor-transverse beam (and floor-edge beam) connections due to the relative 
rotation between the planks and the end columns (and edge columns). The strap plates were 
subjected to flexural bending at the kink and yielded due to the developed rotational demand. None 
of the strap plates fractured at the end of the test despite of the yielding, thus it was believed that 
the untopped precast floor was reusable after the test. 
Edge Columns 
When the base plates of the edge columns were not tightened to the base block in Phase 1, an 
opening was observed between the base plate and the base block. No cracks were formed in the 
edge columns. Because of the self-centering forces provided by the prestressed rods, the edge 
columns returned to their upright position during unloading process. Under this circumstance, the 
entire specimen “self-centered” and was close to “damage-free,” because damage to the 
replaceable O-connectors was deemed acceptable. By employing the tested concept, immediate 
reoccupation of the building after a seismic event might be realized, which demonstrates the 
advantage of rocking-wall systems over traditional RC structural walls.  
After the base plates of the edge columns were tightened to the base block in Phase 3, multiple 
flexural cracks with a spacing of 2 in. (51 mm), which was equal to spacing of the transverse 
reinforcement, were observed in the edge columns. Yielding of the longitudinal rebar in the edge 
columns occurred at 1.5% drift in Phase 3. Spalling of the concrete cover, buckling and fracture 
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of the rebar were observed during 4% drift cycles in Phase 5. The fixed-base edge columns 
required extensive repair after the test.  
In design practice, because structural walls are generally much stiffer than columns and sustain 
most of the lateral forces, the columns in the buildings containing structural walls are mostly 
considered as gravity-load transferring systems only. The “rocking” edge columns, which possess 
a “pinned-base” boundary condition, are deemed acceptable in practice. Compared to cast-in-place 
columns, it is more feasible to realize the “pinned-base” condition by using precast columns, which 
is expected to sustain little damage after a seismic event. 
DESIGN RECOMMENDATIONS 
Precast wall-floor connections, PreWEC end columns and floor-beam (i.e., floor-transverse 
beam and floor-edge beam) connections are key factors in designing this type of precast rocking-
wall structures. Design recommendations are provided in this section.  
Precast Wall-Floor Connections 
As mentioned above, component tests of V-connectors were conducted to provide guidance for 
this assemblage test. Due to limitation of the loading equipment, only in-plane behaviors of the V-
connectors were investigated in the component tests. Suggestions to improve the performance of 
the V-connectors, such as coating the connector stub with Teflon to reduce friction and thickening 
the slotted insert to prevent denting in the slotted insert (i.e., obtain a smooth vertical path)18, are 
provided in Watkins et al. (2016). 
The research on this type of wall-floor connections, when the connected rocking wall was under 
biaxial loading, was very limited. In general, the out-of-plane stiffness of the wall is relatively 
small compared to the in-plane stiffness of other lateral-force-resisting structural systems in the 
orthogonal direction of the wall. The diaphragm force sustained by the wall in its out-of-plane 
direction is not large, generating a small out-of-plane tension demand on the wall-floor 
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connections. Furthermore, the strength of the wall in the out-of-plane direction was very small, 
which limited the ultimate out-of-plane tension demand that could be developed on the wall-floor 
connections (e.g. 1.4 kip (6.2 kN) at 2% drift in this test).   
Other than the force demand, displacement compatibility shall also be considered in the design 
of precast wall-floor connections. Relative rotations between the wall and the floor at the wall-
floor connections are formed when the wall is displaced in the out-of-plane direction. As shown 
in Fig. 7, the nut inside the slotted insert, where the high strength bolt is connected, is rotatable, 
ensuring the V-connector is capable of accommodating the out-of-plane rotational demand on the 
connector; a gap was reserved between the wall and the planks with V-connectors during 
construction. This detail enabled the wall to rotate 0.08 radian, which was calculated by dividing 
the width of the gap 1/4 in. (6 mm) by the slab thickness (3 in. (76.2 mm)), without contacting the 
bottom edge of the planks, preventing an additional out-of-plane tension demand on the V-
connectors due to the out-of-plane relative rotation. Neither contact between the wall and the 
bottom edge of the planks nor concrete breakout damage to the V-connectors occurred in the test. 
Arrangement of the precast wall-floor connections is another important factor in the design. To 
decrease the stroke demand during cyclic loadings, it is recommended to place the connections 
closer to the wall center. Because uplift of the wall always exists at the wall-floor connection while 
the floor remains close to the same elevation, the relative vertical sliding of the connector stub is 
unidirectional (toward bottom of the slotted insert). The element of the wall-floor connection 
affixed to the floor (e.g., V-shaped plate of the V-connector) should be placed close to the top of 
the slotted insert to maximize its available stroke.  
PreWEC End Columns  
When the PreWEC end columns were picked up as observed in this test, effectiveness of the O-
connectors was reduced because they were then subjected to smaller relative vertical deformations. 
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An out-of-plane deformation demand was also generated at the floor-beam connections, which 
might cause damage to the slab. Therefore, it was recommended in the design of a single PreWEC 
system that the initial PT force in the end column should exceed the resisting forces from the O-
connectors attached to the end column1 (Aaleti and Sritharan 2011).  
In buildings using PreWEC systems and vertical isolation wall-floor connections, the gravity 
loads from tributary floor areas of the walls are sustained by the PreWEC end columns, which 
generally exceed the resisting forces from the O-connectors. Despite this, an initial PT force is still 
required in the end columns for stability purposes. As shown in Fig. 12, the action line of the 
gravity loads might be out of the bound of the end columns (especially when they are multiple-
story tall), generating an overturning moment due to P-delta effect. This behavior was not captured 
in this test because the gravity loads were emulated by the PT force in the end columns for 
specimen-design purposes. In practice, the initial PT force applied to the end column shall provide 
a restoring moment larger than the overturning moment generated by the sustained gravity loads 
and the O-connectors, ensuring the end columns return to their upright position after seismic 
events. A moment equilibrium condition about the tip of the end columns can be established to 
calculate the required initial PT force.  
The other key factors in the design of end columns are confinement at the column base and grout 
bearing, which also impact the effectiveness of the clamping PT force. As observed in the test, the 
PT forces were greatly reduced in the end columns due to crushing of concrete core (Fig. 13(a)) 
and loss of grout bearing (Fig. 13(b)). Special detailing is recommended to highly confine the 
concrete at the base of the end columns. Feasible solutions include arming the corners with steel 
channels, which is similar to the detail used in the rocking wall, or using concrete filled tubes as 
PreWEC end columns. To prevent loss of grout bearing, it is recommended to use a spacer with a 
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narrower profile or made of stiffer materials in the grout when unbonding PT strands or prestressed 
rods. An alternate solution is to place the grout in a pocket in the foundation, which not only 
increases the ductility of the grout due to the confinement effect, but also maintains the grout in 
place even after it is crushed9 (Liu, 2018). 
Floor-Beam Connections  
As mentioned above, the strap plates at the floor-beam connections yielded during 4% drift 
cycles due to kinking instead of transferred horizontal shear forces in the slab. Furthermore, planks 
might collide with the beams if the kinking becomes excessive. Therefore, the rotational 
deformation demand should be taken into account when designing the floor-beam connections in 
precast rocking-wall structures. 
As shown in Fig. 12, the kinking was created due to the relative rotation between the planks and 
the end columns as well as edge columns. In Phase 1 when PreWEC end columns and “rocking” 
edge columns rocked in phase with the wall, rotations of the columns were almost equal to those 
of the wall; rotation of the plank formed due to the relative vertical displacements between its two 
ends. For example, the east end of the west plank (shown in Fig. 12) is supported by the west 
transverse beam and lifted up when the west end column rocked; the west end of the plank is 
supported by the west edge beam and subjected to negligible vertical displacements at the 
compression side of the west edge column. The following equation is proposed to predict the 
relative rotation at the floor-beam connections:  
 
𝛼𝛼 =  𝜃𝜃 + ∆𝑐𝑐𝑐𝑐𝑐𝑐
𝐿𝐿𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠
= 𝜃𝜃 + 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃
𝐿𝐿𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠
= (1 + 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐
𝐿𝐿𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠
)𝜃𝜃 (1) 
𝛼𝛼 = relative rotation; 𝜃𝜃 = lateral drift of the wall; ∆𝑐𝑐𝑐𝑐𝑐𝑐 = uplift of columns; 𝐿𝐿𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠  = span of the 
slab; 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐 = width of columns. 
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Multiple groups of LVDT were placed at the floor-beam connections to measure the relative 
rotation as shown in Fig. 5. Fig. 14 shows a comparison of the average rotations at the floor-beam 
connection recorded by the LVDTs in Phase 1 with those predicted by Equation (1). As shown in 
the figure, Equation (1) provides a reasonable prediction of the relative rotations at the floor-beam 
connections. After the edge columns were rigidly connected to the base block in Phase 3, they did 
not rock in phase with the wall. Test data showed that the relative rotations at the floor-edge beam 
connection were approximately 15% larger than those predicted by Equation (1). 
A gap is reserved at the plank-beam connection for construction tolerance as shown in Fig. 6. 
Multiplying the relative plank-beam rotation predicted by Equation (1) with the depth of the 
plank, the travel distance of the plank during rocking of the wall can be calculated. The gap shall 
be larger than the travel distance to avoid collision between the plank and the beams. 
Assuming a constant moment distribution over the unsupported length of the strap plate (5 in. 
(127 mm) shown in Fig. 12), the moment demand generated due to the kinking is calculated: 
 
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜑𝜑𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛼𝛼𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �1 + 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝐿𝐿𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠� 𝜃𝜃 𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (2) 
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = moment at strap plates; 𝜑𝜑 = curvature of strap plates; 𝐸𝐸𝑠𝑠 = Young’s modulus of steel; 
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = moment of inertia of strap plates; 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = unsupported length of strap plates 
Using Equation (2), the moment demand on the strap plates at 4% drift in this test is calculated 
as follows, if they had remained elastic:  
 
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �1 + 1068� × 0.04 × 29000 × 4 × 0.375312 × 5 ≈ 4.7 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑘𝑘𝑖𝑖 (3) 
The moment resistance of the strap plates, 𝑀𝑀𝑦𝑦, with the measured yield strength (𝑓𝑓𝑦𝑦  = 47 ksi 
(324 MPa), shown in Table 2): 
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𝑀𝑀𝑦𝑦 = 𝑓𝑓𝑦𝑦𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 47 × 4 × 0.37526 ≈ 4.4 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑘𝑘𝑖𝑖 < 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (4) 
𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  = Section modulus of strap plates 
The results shown in Equation (4) explain the test observation that the strap plates yielded 
during 4% drift cycles in the test and validate Equation (2). This equation can be conveniently 
used in practice to calculate the flexural demand on the strap plates at a given drift level, assuring 
design of the strap plates achieve their performance requirement in rocking-wall structures (e.g., 
remain elastic at 2% design drift).   
SUMMARY AND CONCLUSIONS 
A large-scale specimen was assembled by precast members, including a “Precast Wall with End 
Columns” (PreWEC) rocking-wall system, a floor system formed by untopped planks and 
transverse/edge beams, edge columns using alternative “rocking” and “fixed” base connections, 
and a group of props that could be included/excluded to simulate the constraint from adjacent 
frame columns/PreWEC systems. Special precast wall-floor connections (i.e. V-connectors) were 
used in the structural assemblage to isolate the floor from vertical movements of the wall. The 
PreWEC end columns provide a unique gravity load transfer path in the wall plane when this type 
of vertical isolation wall-floor connection is used. This increases flexibility in the floor-plan layout 
and space planning of rocking-wall structures. The specimen was designed to 2% lateral drift and 
tested quasi-statically to drift levels in excess of 5%. The conclusions derived from the test are as 
follows: 
1. The precast floor was successfully isolated from the vertical movement of the rocking 
wall. The structural system in the adjacent frame lines (emulated by the props) had little 
impact on the tested PreWEC system. The wall-floor interaction was greatly reduced with 
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base shear of the specimen only 4% larger than that of the simulated isolated PreWEC 
system at 2% design drift. The specimen demonstrated excellent self-centering capability 
with the peak residual drift only 0.15% in the test.   
2. Little damage occurred to the wall panel throughout the test. During rocking, the 
compression force at the base of the wall concentrated at the wall corners and spread over 
a larger region with distance from the base. Demand on the confining reinforcement 
decreased quickly with height. 
3. The foam for the dowel bar in the wall and lumber spacers for the PT strands in the wall 
and prestressing rods in the end columns to be debonded from the fiber grout caused 
discontinuity in the grout bearing at the base of the PreWEC, contributing to damage in 
the wall and the grout underneath the end columns. Foam and spacers with a narrower 
profile or made of stiffer materials should be used.  
4. Little damage occurred to the precast untopped floor consisting of planks, Mini V and 
strap plate connections. When the PreWEC system was used along with the precast floor 
and “rocking” edge columns, the entire specimen was almost “damage-free” and “self-
centered” at the drifts investigated (i.e., up to 2% drift). Immediate re-occupation of the 
precast rocking-wall structure was feasible after seismic events.  
5. The wall-floor connections (i.e. V-connectors) performed well during biaxial loading of 
the specimen. Because the strength and stiffness of the wall in the out-of-plane direction 
were relatively small, the tensile force demand developed on the V-connector was only 
10% of its tensile capacity. It is recommended to provide sufficient rotational capacity of 
the wall-floor connections and reserve a gap between the wall and the floor connected to 
the wall to accommodate the relative rotation between the wall and the floor.  
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6. An initial PT force, which can be calculated through moment equilibrium, should be 
applied to the PreWEC end column to maintain its stability at design drifts. To ensure 
effectiveness of the PT forces, it is recommended to highly confine the concrete at the 
base of the end column and maintain the ductility of the underneath grout bearing. 
7. Yielding of the floor-beam strap plate connections caused by kinking (i.e. relative 
rotation of the floor panels) occurred at 4% drift in the test. Equations to predict the 
relative rotation and the associated moment demand on the strap plates are provided and 
validated by the test results. The equation can be used in practice to ensure the strap plate 
connections remain elastic at a given drift level (e.g., 2% design drift). 
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Table 1 Phases of testing 
Phase Drift level (%) Number of cycles  at each drift 
With 
Props1 
Edge 
Column 
Biaxial 
loading 
1 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2 3 No Rocking
2 - 
2 2 1 Yes Rocking - 
3 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2 3 No Fixed-base - 
4 2 1 Yes Fixed-base - 
5 2.5, 3, 4 3 Yes Fixed-base - 
6 2 1 Yes Fixed-base Butterfly 3 2 
7 4 1 Yes Fixed-base - 5 3 
1 “With props” simulated the boundary condition of adjacent frame columns; “without props” simulated the condition of adjacent 
PreWEC systems 2 ”Rocking” described when the steel base plates of the edge columns were not bolt-connected to the base block 
 
Table 2 Material properties1 
Material Designation  and location 
fy, ksi 
(MPa) 
fu, ksi 
(MPa) 
ɛsh 
(%) 
ɛsu 
(%) 
Strand2 Grade 270 1/2 inch (13 mm); wall 263 (1,813) 282 (1,944) - 5.2 
Rebar 
Grade 60 #3; wall & columns 66 (455) 86 (593) 2.08 11 
Grade 60 #5; wall 68 (469) 95 (655) 0.92 16.5 
#2 wire; columns 85 (586) - - - 
Strap plate Grade 36; slab 47 (324) 74 (510) 1.32 16.0 
O-connector Grade 36; wall 60 (414) 73 (503) 1.87 21.2 
Material Designation  and location 
fc, ksi 
(MPa) 
ft_split, ksi 
(MPa) 
ft_beam, ksi 
(MPa) 
Ec, ksi 
(MPa) 
Concrete 
Nominal 6 ksi (41 MPa); wall 10.4 (72) 0.7 (4.8) 0.6 (4.1) 5,586 (38,514) 
Nominal 5 ksi (34 MPa);  
planks, east end column and west 
edge column 
8.3 (57) 0.5 (3.4) 0.6 (4.1) 5,328 (36,735) 
Nominal 5 ksi (34 MPa); west end  
column and east edge column 8.8 (61) 0.6 (4.1) 0.6 (4.1) 5,243 (36,149) 
1 Measured values are the average results from at least three tests 
2 Properties of the strand are from the mill certificate 
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Fig. 1 Schematic view of 
PreWEC  
 
 
 
Fig. 2 Plan view of the prototype building  
 
Fig. 3 Overview of the test specimen 
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Fig. 4 Elevation view of the PreWEC system near the base 
 
Fig. 5 Plan view of the precast floor system 
34 
 
(a) Plank-edge beam connection 
 
       
 
(b) Plank-transverse beam connection 
Fig. 6 Elevation view of plank-edge beam and plank-transverse beam connection  
 
 
Fig. 7 Slotted wall-floor V-connectors16 (BS Italia 2012) 
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Fig. 8 Cyclic readings of FWE-V and marker lines on the wall 
 
 
Fig. 9 Force-displacement responses of the specimen and pushover of the isolated PreWEC  
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 Fig. 10 Overview of the specimen after 5% drift in Phase 7 
 
Fig. 11 Strain distribution in the concrete and the stirrups along the height of the wall 
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Fig. 12 Illustration of rocking responses of the wall panel and the end columns  
      
                         (a) West end column                                                 (b) East end column 
Fig. 13 PT force-lateral displacement responses of the end columns 
 
Fig. 14 Comparison of the measured floor-beam rotations with those predicted by Equation (1)  
